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We demonstrate theoretically that non-chiral perovskite layers can exhibit circular
dichroism (CD) in the absence of a magnetic field and without chiral activation by
chiral molecules. The effect is shown to be due to splitting of helical excitonic
states which can form in structures of orthorhombic or lower symmetry that exhibit
Rashba spin effects. The selective coupling of these helical exciton states to helical
light is shown to give rise to circular dichroism. Polarization dependent absorption
is shown to occur due to the combined effect of Rashba splitting, in-plane symmetry
breaking, and the effect of the exciton momentum on its fine structure, which takes
the form of Zeeman splitting in an effective magnetic field. We calculate significant
CD with an anisotropy factor of up to 30% in orthorhombic perovskite layers under
off-normal top illumination conditions, raising the possibility of its observation in
non-chiral perovskite structures.
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2An object, a molecule or a crystal structure is chiral if it is distinguishable from its mirror
image; that is, it cannot be superimposed onto the original by any sequence of pure rotations
or translations [1]. The universally recognized example of chiral objects are human hands
because the left hand is a non-superimposable mirror image of the right hand, no matter
how the two hands are oriented. In nature, chiral molecules and crystal structures exist
in two unmixed geometrical forms (two enantiomers) that are mirror images of each other
because their low symmetry does not allowed gradual transformation from one to the other.
The growing attention to chiral materials is connected with their potential applications
in the area of chiral optoelectronics and spintronics. Chirality is associated with the phe-
nomenon of circular dichroism (CD)[2] since enantiomer pairs absorb left and right circularly
polarized light differently[3–7], and enantiomers can also emit circularly polarized light in
the absence of an external magnetic field.[8–10]. Recently chiral materials have been used
in spintronic devices as a spin filters due to chiral-induced spin selectivity.[11–13]
Chiral non-centrosymmetric molecules and crystals can be categorized into 65 Sohncke
space groups within different Bravais lattices and point groups (see for example the review
by Long et al. in Ref.[14]). Chirality is very common among natural organic compounds,
such as amino acids, sugar molecules, peptides and DNA. However, inorganic materials that
show CD or circular birefringence are relatively rare. The most famous among them, and
the first discovered, is quartz [15]. Other examples include zinc blende semiconductors under
uniaxial stress[16].
Semiconductor inorganic nanomaterials, such as quantum dots (QDs) and nanoplatelets
have been shown however to exhibit CD after “chiral activation” of their surface by chiral or-
ganic molecules. [4, 17–19] An excellent recent review[20] discusses different induction mech-
anisms that have been suggested for achieving this: (i) chiral-organic-molecule-induced crys-
tallization of nanostructures into a chiral structure;[21] (ii) surface-chiral-organic-molecule-
induced chiral distortion of the surfaces of QDs;[22] and (iii) electronic interactions between
chiral organic molecules and QDs.[18] Chiral activation of hybrid organic - inorganic per-
ovskites (HOIPs) by incorporation of chiral organic molecules within the inorganic frame-
work of these perovskites is the most successful realization of this idea [23]. The first
demonstration of chirality in HOIPs was in a 1D chiral- perovskite single crystal in 2003,[24]
followed by 2D chiral- perovskite single crystals in 2006.[25] Homogeneous chiral films can
be fabricated from perovskites by using various film-coating methods underscoring the prac-
3tically of this approach.[20]
Recently, CD has been observed in QDs and nanorods which have not been activated
by chiral molecules [26–28]. This is surprising since observation of chiro-optic activity in
randomly oriented nanoparticles requires chirality. To explain this observation the authors
of Ref.26 suggested that the QDs have chiral defects such as screw dislocations, which affect
the optical properties of small size CdSe/ZnS quantum dots, inducing the CD.
In contrast, it has long been known that symmetry considerations permit optical activity
and CD in certain non-chiral crystal structures, namely, the four non-chiral crystal classes
corresponding to point groups Cs , C2v , S4 , and D2d (m , mm2 , 4¯ , and 4¯2m in Hermann-
Mauguin notation, respectively) [29, 30]. The first observation of this phenomenon was
made only in 1967 in AgGaS 2 [30] because the optical activity of these non-chiral crystal
structures is weak. To understand why chiro-optic effects might be observed in these non-
chiral structures, let us consider a crystal with point symmetry C2v . Although the crystal
is non-chiral because it has two mirror planes, if we consider the effect of the measuring
light as shown in Fig. 1, we recognize that the symmetry of the complete light-matter
system, without orientational averaging, is in fact chiral due to the symmetry breaking
associated with the directionality of the light. Such light-induced chirality, which has been
termed “extrinsic chirality” [31], was recently demonstrated to cause chiro-optic effects in
planar metamaterials,[31, 32] although the planar metamaterial systems exhibit reversal of
handedness when illuminated from opposite directions.[32, 33]
In this paper we suggest a specific physical mechanism that leads to large CD in non-chiral
metal halide perovskite crystals with broken inversion symmetry, in the absence of any chiral
molecules at their surface. Since many perovskites adopt an orthorhombic crystal structure
at low temperature, we consider an orthorhombic system with inversion symmetry breaking
normal to the surface along a two-fold rotation axis: The structure possesses non-chiral C2v
point symmetry (see Figure 1) and is expected to exhibit spin splitting due to the large
spin orbit coupling in these systems. Calculations of excitonic light absorption conducted
in quasi-two dimensional metal halide perovskites using experimentally determined Rashba
spin-orbital splitting parameters [34, 35] show CD with an anisotropy factor[14] of up to
30%. The effect is shown to be due to splitting of helical excitonic states, which can exist
only in structures of orthorhombic (or lower) symmetry with inversion symmetry breaking.
The selective coupling of these helical states to helical light gives rise to CD.
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Figure 1. Schematic showing how a non-chiral structure can exhibit chiral behavior when inter-
acting with light. The figure depicts light (shown via its wave vector kph ) incident on a non-chiral
perovskite structure with orthorhombic point symmetry C2v (depicted as a slab with a two-fold
rotational symmetry about the zˆ axis). The structure is assumed to have inversion asymmetry in
the vertical zˆ direction, depicted via the vertical green arrows in the slab, while the two vertical
mirror planes axes are σx,z and σyz . In the absence of light, the system is non-chiral because of
its mirror symmetries. On the other hand, the system structure + light, shown in panel A, with
light in a plane of incidence rotated at an arbitrary angle from either of the vertical mirror planes,
is chiral: Its mirror image, panel B, cannot be restored to the original by any sequence of rotations
or translations. As an example, panel C shows the effect of two fold rotation about the z axis.
I. EXCITONS IN PEROVSKITE LAYERS
Let us consider the problem of an exciton in a semiconductor with parabolic conduction
and valence bands. Introducing the relative electron-hole coordinates r = re − rh and
the coordinates of the exciton center of mass, R = (mere +mhrh)/M , where the exciton
translational mass M = me + mh is equal to the sum of the electron, me , and hole, mh
effective masses, respectively, we can describe the exciton energy as a sum of Hamiltonians
that describe the relative electron-hole motion, Hˆ0,REL, and the exciton center of mass
(COM) motion Hˆ0,COM :
Hˆ0 = Hˆ0,COM + Hˆ0,REL =
Pˆ 2
2M
+
[
pˆ2
2µ
+ V (|r|)
]
. (1)
Here, Pˆ = pˆe + pˆh is the COM momentum while pˆ = (mhpˆe −mepˆh)/M is the relative
coordinate momentum, and µ = (1/me + 1/mh)
−1 is the reduced mass. As a result of this
5separation, the wave function of a free exciton can be written in the form of a Bloch wave.
In the case of a quasi-2D perovskite, the wave function takes the form,
ΨK,n,m;je,jh(re, rh) = uje(re)ujh(rh)
1√
S
eiK·Rφn,m(re − rh) . (2)
In this expression, wave vector K is equal to P /~ , S is the surface area of the 2D layer and
uje and ujh are the band-edge periodic basis functions for the electron and hole, respectively.
The indices je , jh in uje and ujh represent in abbreviated fashion the angular momentum
quantum numbers j, jz associated with the electron and hole Bloch functions. In Eq. (2)
φn,m is the normalized wave function that describes the relative motion of the electron and
hole and is characterized by principle and azimuthal quantum numbers n and m . The
energy spectrum of the 2D exciton consequently can be written as:
E0n,|m|(K) = En,|m| +
~
2K2
2M
, (3)
where En,|m| are the eigenvalues associated with the internal exciton motion. In the absence
of dielectric confinement, that is, when the dielectric constants of semiconductor, κ, and
the surrounding medium are equal, the Coulomb potential can be written as V (ρ) = e2/κρ ,
where ρ = |re − rh| . In this limit, expressions for the energies and wavefunctions of 2D
excitons are well known and can be found for example in Ref. [36, 37]. Due to the small
value of the dielectric constant of organic materials, dielectric confinement can strongly
enhance the electron-hole Coulomb interaction in hybrid organic-inorganic layered perovskite
semiconductors. Analytical expressions for the Coulomb interaction potential V (ρ) which
account for dielectric confinement effects were derived by Ritova[38] and Keldish[39]. The
enhancement of the exciton binding energies for several low-energy transitions has been
demonstrated in CdSe nanoplatelets [40]
II. RASHBA EFFECT IN A PEROVSKITE LAYER
Let us now consider a metal halide perovskite with orthorhombic crystal symmetry and
broken inversion symmetry in the z direction perpendicular to the layer [35]. Due to the
strong spin-orbit coupling in metal halide perovskite semiconductors, the broken inversion
symmetry generates Rashba terms that are linear in the electron and hole momenta. It
was shown Ref. [41] that in general, for crystals that have orthorhombic symmetry with an
6arbitrary symmetry breaking direction a total of 12 terms (6 for electron operators, 6 for
hole operators) are required for a general description of the Rashba effect for excitons. In
the case that inversion symmetry is broken in the z direction the Rashba Hamiltonian is
significantly simplified and is described just by two Rashba coefficients, αexy and α
e
yx for
the conduction band and two Rashba coefficients, αhxy and α
h
yx , for the valence bands:
HˆR =
αexy
~
Jxpˆ
e
y −
αeyx
~
Jypˆ
e
x +
αhxy
~
sxpˆ
h
y −
αhyx
~
sypˆ
h
x (4)
Here, Jx,y and sx,y are the x and y Pauli operators corresponding to the angular momenta
of the electron and hole , respectively, while pˆe,hy,x are the projections of the electron and hole
momentum operators on the x and y axes. For analysis of the effect of Rashba terms on
the free exciton, it is useful to express the electron and hole momentum operators in terms
of COM and relative momenta. Using pˆe = (me/M)P + pˆ and pˆh = (mh/M)P − pˆ, we
transform the Rashba Hamiltonian in Eq. (4) into a sum of Rashba Hamiltonians for the
exciton center of mass motion, HˆR,COM , and the electron -hole relative motion, HˆR,REL ,
where
HˆR,COM(P ) =
1
M
[(
me
αexy
~
Jx +mh
αhxy
~
sx
)
Py −
(
me
αeyx
~
Jy +mh
αhyx
~
sy
)
Px
]
HˆR,REL =
(
αexy
~
Jx −
αhxy
~
sx
)
pˆy −
(
αeyx
~
Jy −
αhyx
~
sy
)
pˆx (5)
The effect of the Rashba Hamiltonian HˆR,REL on the fine structure of the exciton due
to internal electron-hole motion can be described in the framework developed for the 3D
exciton in Ref. 41. There, it was demonstrated that when Rashba terms exist in both the
conduction and valence bands, an effective J ·s interaction can invert the level order of the
bright and dark exciton fine structure levels.
From now on however, for simplicity, we will consider Rashba terms only in the conduction
band, neglecting the effect of spin orbit coupling in the valence band, assuming that αhxy ≈
0 and αhyx ≈ 0 . This is reasonable given that the valence band states transform with
overall s symmetry and are largely comprised of the Pb 6s atomic orbitals [41]. In this
approximation, the Rashba terms HˆR,REL originating from the motion associated with the
relative electron-hole coordinate do not affect the exciton fine structure.[41] Only the Rashba
terms associated with COM motion of the exciton enter into the present analysis. These
terms, along with electron-hole exchange, determine the exciton fine structure. One can see
7from Eq.(5) that the Rashba Hamiltonian for the exciton center of mass motion, HˆR,COM ,
does not mix states with different momenta, P = ~K , but it does mix the four angular
momentum sublevels of the exciton fine structure created by the electron-hole exchange
interaction. In this limit Rashba Hamiltonian HˆR,COM in Eq. (5) reduces to,
HˆR,COM(K) =
me
M
(αxyKyJx − αyxKxJy) , (6)
where we have now dropped the superscript e on the Rashba coefficients with the under-
standing that henceforth Rashba coefficients refer to the conduction band. Equation (6) can
be rewritten as sum of 2D Rashba Hˆ2DR (K) and 2D Dresselhaus Hˆ
2D
D (K) terms that are
familiar from studies of the effects of structural inversion asymmetry in 2D electron systems:
[42, 43]
HˆR,COM(K) = Hˆ
2D
R (K) + Hˆ
2D
D (K) , (7)
where
Hˆ2DR (K) =
meα
M
(KyJx −KxJy) (Pure 2D− Rashba); (8)
Hˆ2DD (K) =
meβ
M
(JxKy + JyKx) (Pure 2D− Dresselhaus) , (9)
with α = (αxy + αyx)/2 and β = (αxy − αyx)/2 . In a system with cubic or tetragonal
symmetry, αyx = αxy = α since these systems have four-fold rotational symmetry about
the z-axis; the x and y directions are equivalent. We call this the “pure” Rashba limit.
However, if the x and y directions are inequivalent, as is the case with orthorhombic C2v
point symmetry, then in general, the two Rashba coefficients may be distinct: αyx 6= αxy .
In the extreme limit that αxy = −αyx = β the Rashba part of Hamiltonian (6) vanishes,
Hˆ2DR (K) ≡ 0 , and we have the pure 2D Dresselhaus Hamiltonian Hˆ2DD (K) .
To gain physical intuition on the splitting of the exciton levels, it is convenient to introduce
an effective K dependent magnetic field Beff(K) which allows us to write the Rashba
Hamiltonian in Eq. 6 in the form of the Zeeman effect, HˆR,COM = g
effµBB
eff · J , where
µB is the Bohr magneton, geff = me/M , and the effective magnetic field is given by,
Beff(K) ≡ 1
µB
(αxyKyxˆ− αyxKxyˆ) . (10)
One can see that the orientation of this magnetic field depends strongly on K . The mag-
nitude of the effective magnetic field Beff =
√
α2xyK
2
y + α
2
yxK
2
x/µB may take on quite signif-
icant values. We estimate it using the conduction band Rashba energy of 40meV measured
8by Zhai et al. in the 2D layered perovskite (PEA)2PbI4 (PEPI) and assume the electron and
hole effective masses to be 0.25m0 [34]. With light of free space wavelength λ0 = 500 nm
incident at 45 degrees from vertical, assuming a refractive index n =
√
5 , corresponding to
a high frequency dielectric constant of ǫ∞ = 5 , which is typical of metal halide perovskites,
the in-plane wave vector of excitons created by absorption is K ∼ 0.009nm−1 . This leads
to an effective magnetic field of 24 Tesla. The resulting splitting of the exciton levels can be
described using a basis of total angular momentum, F , and its projection FzB , where the
quantization axis zB is the direction of the effective magnetic field: zB = Beff/Beff .
Figure 2 shows vector field maps depicting the direction and relative magnitude of the
effective magnetic field for the pure Rashba (α 6= 0 , β = 0 ) and the pure 2D Dresselhaus
(α = 0 , β 6= 0 ) cases, as well as some mixed cases. From Eq. 10 and these field maps, we can
recognize that in the pure Rashba case, the effective magnetic field is always perpendicular
to the direction of exciton momentum K . In the pure 2D Dresselhaus case by contrast, the
effective magnetic field generally has a component along K ; on the lines Kx = ±Ky , Beff
is co-linear with the direction of the vector K . As a result, in this case, triplet excitons
with angular momentum projection FzB = ±1 have helicity, a property which is defined as
χ = F · nˆK where nˆK = K/K . Excitons with angular momentum parallel (FzB = +1 ) or
antiparallel (FzB = −1 ) to the direction of the momentum K have helicity χ = +1 and
χ = −1 respectively. Moreover, under the action of the effective magnetic field these states
of opposite helicity are energetically split. The non-zero helicity and the effective Zeeman
splitting of the FzB = ±1 states in an orthorhombic system gives rise to CD.
We proceed now to a quantitative analysis of the effect of the Rashba terms on the exciton
fine structure and dichroic optical properties. The exciton Rashba Hamiltonian described by
Eq. 6 for non-zero K splits the degeneracy of the 4 exciton states. Taking into account the
exciton kinetic energy ~2K2/2M , where K =
√
K2x +K
2
y , the energy for any momentum
direction is determined as a function of Kx, Ky by (see the Supporting Information),
ECOM(K) =
~
2K2
2M
± me
M
√
α2yxK
2
x + α
2
xyK
2
y . (11)
The COM motion of free excitons described by Eq. (11) has the offset parabolic dispersion,
well known for 2D electrons in the presence of Rashba terms [43].
A complete description of the exciton dispersion requires, however, that we also include
the exciton fine structure splitting due to electron-hole exchange, resulting in the following
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Figure 2. Vector field maps of the effective magnetic field due to exciton center of mass motion
in the presence of Rashba splitting. The figure shows the relative magnitude and direction of the
effective magnetic field defined in Eq. 10 in the Kx , Ky plane. The Kx and Ky axes are plotted
in arbitrary units (au) in the figure. Panel A shows the relative effective magnetic field map for
the pure Rashba case, (α = 1 , β = 0 in dimensionless units), while panel B shows the pure 2D
Dresselhaus case (α = 0 , β = 1 ). Panels C and D show mixed cases corresponding respectively
to dimensionless α = β = 1/2 , and α = 3/4, , β = 1/4 . For each case the components of the
Rashba tensor αxy and αyx corresponding to Eq. 6 are also given.
Hamiltonian:
Hˆtot = HˆINT + Hˆ
D,X,Y,Z
R,COM (K) (12)
where HˆINT describes the fine structure of the exciton connected with exciton internal
motion at K = 0 . It is straightforward to write Hˆtot in a basis of the four electron and
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hole Bloch function products, |uje=1/2〉|ujh=1/2〉 , |uje=1/2〉|ujh=−1/2〉 , |uje=−1/2〉|ujh=1/2〉 and
|uje=−1/2〉|ujh=−1/2〉 . To study the exciton polarization properties it is most convenient to
transform into a basis of exciton states whose dipoles are oriented along the x, y, z directions
[44]. This O basis is described by the |X〉 , |Y 〉 , and |Z〉 wave functions of the three exciton
states X , Y , and Z whose dipoles are oriented along the x , y , and z directions, and the
|D〉 wave function of the dark D exciton state, which is dipole inactive.[44] The unitary
transformation to this basis, developed in the Supporting Information section, results in the
following matrix representation,
HˆtotD,X,Y,Z(K)=
[
E0,0 +
~
2(K2x +K
2
y
2M
]
I+


Ed −αxyKy αyxKx 0
−αxyKy Ex 0 −iαyxKx
αyxKx 0 Ey −iαxyKy
0 iαyxKx iαxyKy Ez

 , (13)
where I is the 4x4 unit matrix. The second term of Hamiltonian HˆtotD,X,Y,Z(K) describes the
exciton fine structure, where Ed is energy of the dark exciton at K = 0 , while the bright
triplet states X , Y, and Z have K = 0 energies Ex , Ey , and Ez respectively. These are
degenerate in the case of cubic symmetry but split in general in crystals with orthorhombic
crystal structure.[41, 44] In our calculations, for simplicity, we will start by neglecting the
crystal field splitting between the X , Y and Z exciton states, setting Ex = Ey = Ez = Et ,
the bright triplet energy. Although the off-diagonal terms in Hamiltonian described by Eq.
(13) generally are not rotationally invariant, we have found closed form solutions for the
eigenvalues of HˆtotD,X,Y,Z(K) in several special cases. In the case that crystal field splitting
can be neglected, Ex = Ey = Ez = Et , assuming that αyx = αxy (the pure Rashba case
αxy = α ), or αyx = −αxy (the pure Dresselhaus case, αxy = β ) we obtain,
E1,±1(K) = E0,0 +∆+ ~
2K2
2M
±Kmeαxy
M
,
E1/2±1/2,0(K) = E0,0 + ~
2K2
2M
+
∆
2
±
√
∆2M2 + 4K2(meαxy)2
2M
. (14)
Here, ∆ ≡ Et − Ed is the energy difference between the bright triplet states and the dark
exciton state. The subscripts on the energy in this expression identify the projection of the
exciton angular momentum, FzB along the quantization axis zB taken in the direction of
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the effective magnetic field Beff (K) . The direction zB thus varies with K as described
in Eq. 10 and in Fig. 2. The analytical form for the exciton dispersion can also be found in
the case that the triplet degeneracy at K = 0 is lifted, with Ez 6= Et (see SI). Generally,
however, for any symmetry, the fine structure of the ground exciton state can be written as
Ej(K) = E
0
1,0(K) + δj(K) , where E
0
1,0(K) from Eq. 3 is the exciton energy in the absence
of fine structure splitting δj(K) . The latter is found by diagonalization of Hamiltonian
Hˆtot from Eq. (12) (for details see SI).
ΨK,j(R, r) =
exp(iK ·R)√
S
φ1,0(r)
∑
i=D,X,Y,Z
Cjje,jh(K)|ui〉 (15)
where the coefficients Cji (K) describe the eigenstate of the corresponding matrix in the
basis of exciton states |D〉 , |X〉 , |Y 〉 , |Z〉 .
Figure 3 shows the exciton energies calculated along the Ky direction using Eq. 14.
Panels A and B show the energies calculated for pure 2D-Rashba and pure 2D-Dresselhaus
spin textures, with α = 156 meV · nm and β = 156 meV · nm , respectively, for electron
and hole effective masses me = mh = 0.25m0 , where m0 is the free electron mass. These
parameters each correspond to a Rashba energy of 40 meV as measured in the 2D HOIS,
PEPI.[34] The calculations shown assume degenerate triplet levels at K = 0 at energy ∆ =
8 meV above the dark state at energy ED = 0 meV, corresponding to the exchange constant
w = 12 meV measured in the 2D hybrid organic C6H13NH3)2PbI4 .[45] The dispersion curves
for each level are labelled according to F, FzB , the exciton total angular momentum and
its projection on an axis aligned to the K dependent effective magnetic field Beff(K) ,
see Eq. 10 and Figure 2 which shows the field direction in the Kx , Ky plane. Referring
to Fig. 2, we call attention in particular to the fact that the direction of Beff reverses
in passing through the origin; with our state labelling convention, the FzB = +1 state
always has higher energy than the one with FzB = −1 . The dispersion in A and B are
identical reflecting isotropy about the zˆ axis. This symmetry is evident in the insets of
each figure, which show 3D plots of the energy surfaces in the Kx, Ky plane for the levels
(F, Fz) = (1,±1) . Panels C and D show the angular momentum textures for these two
states along constant energy contours plotted at E = 70 meV, chosen simply for clarity
of the display. The direction of the effective magnetic field depends differently on Kx, Ky
for the pure Rashba versus the pure Dresselhaus spin textures (see Figure 2), resulting in
the distinctly different exciton angular momentum textures shown in panels C and D. The
12
FzB = ±1 exciton states for the pure Dresselhaus case, panel D, exhibit helicity for any
wave vector not aligned to the mirror plane directions xˆ and yˆ , with maximum helicity
realized along the lines Kx = ±Ky . The corresponding exciton states for the pure Rashba
case are achiral since the angular momentum is orthogonal to K for all K .
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Figure 3. Exciton energies and angular momentum textures in 2D layered perovskite with inversion
symmetry breaking along the zˆ direction normal to the 2D plane. Panels A and B show the
energies calculated versus wave vector K = Kyyˆ for pure Rashba and pure 2D-Dresselhaus angular
momentum textures, respectively, with α = 156 meV · nm and β = 156 meV · nm with electron
and hole effective masses me = mh = 0.25m0 , and assuming degenerate triplet levels at K = 0
at energy ∆ = 8 meV above the dark state at energy ED = 0 meV.[45] The dispersion curves for
each fine structure level in panels A and B are labelled according to (F,FzB ) , the exciton total
angular momentum and its projection on an axis aligned to the effective magnetic field, see Eq.10
and Figure 2. The curves in A and B are identical reflecting symmetry under rotation about the
zˆ axis as evident in the insets of each figure, which show 3D plots of the energy surfaces in the
Kx,Ky plane for the levels (1,±1) . Panels C and D show the angular momentum textures for
these two states along constant energy contours at E = 70 meV.
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The significance of the helicity consideration is underscored by examination of the exciton
eigenvectors, transition dipoles and helicity corresponding to Fig.3. Table I shows these
for the case Ez = Et for both the Rashba angular momentum texture and the pure 2D
Dresselhaus angular momentum texture, respectively. The energy eigenvalues are given by
Eq. 14 along the line Ky = Kx for positive Kx , using α = αxy = αyx for the Rashba case,
and β = αxy = −αyx for the Dresselhaus case. The table shows the expansion coefficients
of the exciton wavefunction in the |D〉 , |X ′〉 , |Y ′〉 , and |Z〉 basis, which is rotated so
that the x′ axis is aligned with K . The polarization properties of each exciton state is
shown in the last column, also given in the rotated coordinate system. While there are
two transition dipoles in the Rashba case (for the FzB = ±1 states) that appear circular
( xˆ′ ± izˆ ), they are not actually helical because the components of the transition dipoles
parallel to the x′ direction cannot couple to transverse electro-magnetic waves propagating
in the x′ direction. These results actually hold for the Rashba case for any wave vector K
due to the rotational invariance of Eq. 6 when αxy = αyx . For the pure Dresselhaus angular
momentum texture however, it is the Y ′ and Z states that are mixed with each other with
a relative phase factor of i . Since these dipole components are both normal to the direction
of propagation K along the x′ direction, these states have circularly polarized transition
dipoles. Since they are split, these transitions exhibit CD as discussed above in the context
of the effective magnetic field description.
This consideration shows that the magnitude of CD depends on the exciton propagation
angle φ relative to the mirror symmetry planes. Indeed, if this system were to be side
illuminated along the φ = 45◦ azimuth the FZB = ±1 states would exhibit 100% degree of
circular polarization. In Fig. 4 we show the angular dependence of the polarization structure
of the exciton sublevels calculated taking into account both Rashba and Dresselhaus terms
as well as the exciton fine structure connected with exciton internal motion.
III. CALCULATION OF CIRCULAR DICHROISM
The analysis conducted in the previous section showed that both cubic and tetragonal
symmetry are too high to observe circular dichroism connected with exciton COM motion
at zero magnetic field. Intrinsic circular dichroism in perovskites requires orthorhombic
symmetry, which is required to realize 2D Dresselhaus angular momentum textures. To
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Pure 2D Rashba, α = αxy = αyx
Energies {D, X ′, Y ′, Z} Polarization, Pj/Pj Helicity χ
E1,+1(K)
1√
2
{0, 1, 0,+i} 1√
2
(xˆ′ − izˆ) 0
E1,−1(K) 1√2{0, 1, 0,−i}
1√
2
(xˆ′ + izˆ) 0
E1,0(K)
1√
N1,0
{−∆M−
√
∆2M2+4K2(meα)2
2Kmeα
, 0, 1, 0} yˆ′ 0
E0,0(K)
1√
N0,0
{∆M−
√
∆2M2+4K2(meα)2
2Kmeα
, 0, 1, 0} yˆ′ 0
Pure 2D Dresselhaus, β = αxy = −αyx
E1,+1(K)
1√
2
{0, 0, 1,+i} 1√
2
(yˆ′ − izˆ) +1
E1,−1(K) 1√2{0, 0, 1,−i}
1√
2
(yˆ′ + izˆ) -1
E1,0(K)
1√
N1,0
{∆M−
√
∆2M2+4K2(meβ)2
2Kmeβ
, 1, 0, 0} x′ 0
E0,0(K)
1√
N0,0
{−∆M−
√
∆2M2+4K2(meβ)2
2Kmeβ
, 1, 0, 0} x′ 0
Table I. Energies, wave functions, polarizations and helicity of exciton states with wave vector K
along the line Ky = Kx for positive Kx , for the pure 2D Rashba spin-texture, top, and the pure
2D Dresselhaus spin texture, bottom. Energies labelled according to the total angular momentum
F and its projection along the effective magnetic field direction, FzB , and are given for each state
by Eq. 14. For the Rashba case, α = αxy = αyx , while for the Dresselhaus case, β = αxy = −αyx
in Eq. 11. Results are shown neglecting the crystal field splitting between the Z exciton and the
X and Y excitons (Ez = Et ). The table shows the energy and the expansion coefficients of the
exciton wavefunction in the |D〉 , |X ′〉 , |Y ′〉 , and |Z〉 basis (see Eq.15), which is rotated so that
the x′ axis is aligned with K . The factors N1,0 and N0,0 are normalization coefficients. The
polarization properties of each exciton state are given in the rotated coordinate system. The last
column gives the helicity, χ = F · nˆK , for each state.
describe the CD, let us consider the probability of excitation of 2D excitons by absorption of
light. We consider the ground state of the exciton in the x, y plane of the 2D layer created
by absorption of light incident on the 2D layer with wave vector kph at angle θ measured
from the vertical direction nˆz (Fig 1).
The light interacting with the 2D perovskite layer, may be absorbed to create an exciton.
The probability of excitation of the jth exciton sub-level of the ground 2D exciton state
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with in-plane wave vector K can be described by Fermi’s golden rule:
WK,j = 2π
~
|〈ΨK,j|Hˆint|G〉|2δ(Ej(K)− ~ω) . (16)
Here, |G〉 is the crystal ground state, ~ω is the energy of the absorbed photon, and Ej(K)
is the energy of the jth exciton sub-level. The light-matter interaction Hamiltonian Hˆint =
−(e/m0c)Am · pˆ is expressed as usual in terms of the inner product of the dipole operator
pˆ and the vector potential Am inside the 2D layer. Evaluating the matrix element in Eq.
16 for the exciton state ΨK,j(re, rh) from Eq.(15) we find,
〈ΨK,j|Hˆint|G〉 = e
m0c
Am · Pj(K)φ1,0(0)δkph,‖,K (17)
The Kronecker delta represents the well-known momentum conservation rule, reflecting con-
servation of momentum in the 2D layer. The wave vector K of the in-plane exciton created
by absorption of a photon must match the in-plane component kph,‖ = kph − nˆz(kph · nˆz),
of the photon that was absorbed, and has magntitude kph sin θ . The contact term φn,0(0) 6=
0 in Eq. 17 only for states with internal motion azimuthal quantum number m = 0
(“s”states).
The key factor in Eq 17 that is responsible for the polarization properties of absorption
is the dipole transition matrix element for the exciton. In terms of the |D〉 , |X〉 , |Y 〉 , and
|Z〉 exciton basis, we can express the exciton transition dipole matrix element as,
Pj(K) =
∑
i=x,y,z
[Cji (K)]
∗Pi = Pcv
∑
i=x,y,z
[Cji (K)]
∗ginˆi (18)
where nˆi are the unit vectors along the x , y and z directions, Pcv = −i〈S|pˆz|z〉 is the
Kane momentum matrix element, assumed equal for the three p-like conduction band states,
|x〉 , |y〉 and |z〉, while gi is a dimensionless parameter giving the relative magnitudes of
the transition dipole matrix elements of the |X〉 , |Y 〉 and |Z〉 exciton basis states. In our
calculations we assumed that the X, Y, and Z exciton basis states have transition dipoles
of equal relative magnitude, gx = gy = gz . (Expressions for gi accounting for crystal field
effects within a six-band K ·P model can be found in Ref.[44]).
To find the absorption coefficient we need to find vector potential of light Am inside the
perovskite. We first consider the incident light to be circularly polarized in air with helicity
±1 , corresponding to angular momentum ±1 along the kph direction. However, accounting
for refraction, the angle of propagation of the light in the perovskite, θmat, is modified from
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the exterior angle of incidence θ . Neglecting linear birefringence effects for simplicity, this
is given by Snell’s law, sin θ = nmat sin θmat . Moreover the amplitude of the transmitted
electric field or vector potential is modified by the polarization-dependent Fresnel amplitude
transmission coefficients t‖ and t⊥ for field components parallel and perpendicular to the
plane of incidence, respectively, which are shown in Figure S3 in the Supporting Information.
At large incidence angles θ the degree of circular polarization of the transmitted light
is reduced because the field component perpendicular to the plane of incidence has lower
transmission that the field parallel component. This effect needs to be taken into account
since the polarization of the incident circular light is set before refraction into the sample.
For circular light with helicity eˆ± propagating as shown in the inset of Fig. 4, the light
transmitted into the sample has amplitude (see the Supporting Information section),
Am± (θmat, φ) = A0
(
t‖(θmat)eˆ‖(θmat, φ)± it⊥(θmat)eˆ⊥(θmat, φ)
)
. (19)
Using these expressions we can write the strength of interaction of the exciton state j
with the vector potential Am± (θmat, φ) , dropping common factors, as,
I±(j) = |Am±(θmat, φ) · Pj(K)|2 (20)
It is useful to define a normalized interaction strength for a given set of angles. This should
be normalized by the square of the magnitude of the light field, |Am± (θmat, φ)|2 . As discussed
in the Supporting information section, we normalize the magnitude of the transition dipole
of each exciton state to the average norm-squared dipoles of the X, Y, Z basis states, which
we denote as f˜N |Pcv|2 , where f˜N = (g2x + g2y + g2z)/3 . Then the normalized light-matter
interaction strength for exciton state K , j is,
I±N(j) =
|Am±(θmat, φ) · Pj(K)|2
|Am±(θmat, φ)|2f˜N |Pcv|2
(21)
With this definition we define the magnitude of circular dichroism for the state j as,
Pj = I+N (j)− I−N(j) (22)
We note that this definition coincides with the degree of polarization for the exciton state
in a cubic perovskite with total angular momentum Fz = ±1 interacting with circularly
polarized light propagating in the +zˆ direction.
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We consider the sample, depicted in Fig. 4 A, to be oriented in the x, y plane, with
the 2D layers parallel to the top surface of the sample which is normal to the z direction.
The sample has two-fold rotational symmetry about the z axis, with inversion symmetry
broken along the +zˆ direction, and mirror symmetry through the x, z and y, z planes.
The sample is assumed to have refractive index nmat and to be illuminated from air at a
polar incidence angle θ measured from the vertical z axis, in a plane of incidence defined
by azimuthal angle φ measured from x .
In Figure 4 we show plots of the fine structure energy splitting and the CD signal for
various light incidence geometries and sample parameters. In the figure, the refractive index
of the perovskite is assumed to be n =
√
5 and the wavelength of light resonant with the
exciton transition is taken as λ0 = 500 nm in free space. The schematic in Fig 4 panel A
shows circularly polarized light incident at polar angle θ measured from the layer normal,
at azimuth angle φ measured from the xˆ symmetry axis. As the polar angle increases,
the exciton COM momentum increases, as shown in panel B. The exchange constant used
in the calculations, taken as w = 12 meV, reflects the measured value in the 2D hybrid
organic C6H13NH3)2PbI4 .[45] In panels C-F, we neglect crystal field splitting resulting in
degenerate triplet exciton levels at K = 0 at energy Et = 8 meV above the dark state at
energy ED = 0 meV as in Fig. 3. Panels C and E show the CD signal, Eq. 22, calculated
for each fine structure level versus the azimuth angle for a fixed polar angle θ of 45 degrees,
while panels D and F show the CD versus the polar angle for a fixed azimuth angle of 45
degrees. The upper two panels, (C,D) are calculated for pure Dresselhaus spin texture with
α = 0 and β = 156 meV · nm , corresponding to a Rashba energy for the conduction band
ER = 40 meV following Vardeny, et al., Ref. [34]. The middle panels (E,F) are calculated
for mixed Rashba/Dresselhaus spin textures with parameters with α = 234 meV · nm and
β = 39 meV · nm , and show a reduction in the CD relative to the pure Dresselhaus case
as expected. The maximum CD in the pure Dresselhaus case occurs along azimuths at 45
degrees from the mirror planes as expected, while for the mixed case the max CD azimuths
are slightly shifted reflecting warping of the constant energy contours for angular momentum
textures of mixed character. Panels C,D,E show that the CD generally increases with polar
angle θ as the in-plane exciton momentum increases; the fall off as θ approaches 90 degrees
reflects the decreasing degree of circular polarization of the transmitted light described in
Eq. 19 as the polar angle increases. The maximum CD signal is primarily limited by the
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A
Figure 4. CD signal versus light incidence geometry in a 2D perovskite with degenerate triplet
states at K = 0 . The schematic in A shows circularly polarized light incident at polar angle θ
measured from the layer normal, at azimuth angle φ measured from the x axis. The effective
masses are me = mh = 0.25m0 throughout. In panels C-F, calculations are performed assuming
degenerate triplet levels at K = 0 at energy ∆ = 8 meV above the dark state at energy ED =
0 meV as in Fig. 3. Panels C and E show the CD for fine structure level versus φ for a fixed
polar angle θ = 45◦ , while panels D and F show the CD versus θ for fixed φ = 45◦ . Panels C,
D reflect pure Dresselhaus spin texture with α = 0 and β = 156 meV · nm , while panels E,F are
calculated for mixed Rashba/Dresselhaus spin textures with parameters with α = 234 meV · nm
and β = 39 meV · nm . Panels G-H are calculated as in E,F, but with crystal field splitting of the
bright triplet, reflected in Et = 11.4 meV, Ez = 1.2 meV.
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angle of propagation of light in the material, θmat , given the assumption that illumination
is from the top surface of the 2D layer sample. Under conditions of side illumination, the
CD signals in Fig. 4 would be significantly larger; the maximum CD signal for kph side
incident along the xˆ + yˆ direction for the material parameters reflected in panel D would
be ±1 for the FzB = ±1 exciton sublevels.
In panels G-H of Fig 4 we repeat the calculations shown in panels E-F, but now take
account of the effect of crystal field splitting. Following the measurements of Refs. [45, 46]
we set the upper bright doublet at Ex = Ey = 11.4 meV and the lower bright singlet
Ez = 1.2 meV above the dark singlet at energy 0 meV. Since the CD signal results from
mixing of the Z and the Y ′ exciton states under the action of the effective magnetic field as
described above, additional fine structure splitting between these states causes a reduction
in the CD signal by over an order of magnitude.
The analysis so far provides a set of definitions for describing the CD of an individual
exciton fine structure level j . In practice, the exciton transitions are spectrally broadened so
that the individual exciton sublevel transitions may not be individually resolvable. We model
the effect of linewidth broadening by convolving the absorption spectra with a Gaussian line-
shape function,
G(E) =
1√
2πσ
e−E
2/(2σ2) (23)
where the full-width at half maximum linewidth (LW) is given by 2
√
2 ln 2σ . We then
calculate a normalized absorption spectrum for plus and minus circularly polarized incident
light as a function of energy, I±N (E) , parametrically as a function of the angles θ and φ :
I±N(E) =
1
Imax
∑
j
I±N(j)G(E − Ej) . (24)
In this expression, the sum is taken over the four exciton sub-levels j for a given K , and a
normalization factor Imax is included to normalize the peak absorption to unity. Then the
spectral CD signal is calculated as the difference of the normalized absorption spectra for
positive and negative circularly polarized light:
P (E) = I+N(E)− I−N(E) . (25)
It should be noted that the normalized spectral CD thus defined has a derivative line-shape
similar to what is observed in the phenomenon of magnetic CD [47]. Using this definition,
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which corresponds to the anisotropy factor defined in Ref. [14], the ellipticity per unit
absorbance can be determined at the exciton resonance as Θ = P (E) ln 10/4(180◦/π) .[14]
It is straightforward to show that in the limit that the level splitting between the FzB = ±1
transitions is small compared to the LW, the maximum spectral CD signal occurs at energy
±σ above and below the centroid Ec of the two transitions.
Figure 5 shows spectral CD results calculated using the material parameters of Fig
4(C,D), which reflect a degenerate bright triplet finestructure at K = 0 . Panel (A) shows
CD spectra calculated for fixed azimuth and polar angles of 45 degrees as defined in the
schematic in Fig. 4 (A), for several values of the LW=10, 20, 30 meV. The spectra ex-
hibit the expected derivitive line shape function centered about the K = 0 energies of the
FzB = ±1 states. Panel (B) shows the maximum CD versus polar angle θ for fixed azimuth
angle φ = 45o .
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Figure 5. Spectral CD signal in 2D perovskite. Calculations represent the material parameters of
Figure 4(C,D). Panel A shows the CD spectra P (E) = I+(E)− I−(E) for fixed azimuth φ = 45o
and polar angle θ = 45o as defined in the schematic in Fig. 4A. Spectra are calculated assuming
a Gaussian line-shape for three values of the full width at half maximum LW (LW = 2
√
2 ln 2σ )
and are normalized to give a peak absorption I± of unity as described in the text. Transition
energy is plotted relative to the energy of the dark exciton at K = 0 . The zero crossing occurs
at the average energy of the FzB = ±1 states. The maximum |CD| occurs at ±σ from the zero
crossing and is marked for the LW=10meV curve in the figure. The value of the maximum CD on
the higher energy side is shown in panel B as a function of polar angle θ for fixed azimuth angle
φ = 45o .
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IV. SUMMARY AND CONCLUSIONS
We have shown that perovskite layers can exhibit CD which is observable in the off-normal
optical excitation configuration and which does not require either an external magnetic field
or chiral molecules on the layer surface. Polarization dependent absorption is expected to
occur due to the combined effect of Rashba splitting, in-plane crystal symmetry breaking,
and the effect of the exciton momentum on its fine structure. The fine structure can be
understood in terms of Zeeman splitting due to a K -dependent effective magnetic field,
which can lead to splitting of helical excitonic states in systems of orthorhombic or lower
crystal symmetry that exhibit Rashba spin splitting effects. The selective coupling of these
helical exciton states to helical light is responsible for the c circular dichroism.
Using available measured values for the exchange and Rashba parameters determined
experimentally in lead-iodide based 2D HOIS systems [34, 35, 45, 46], we showed that
CD on the order of 10% for spectrally resolved fine structure transitions can occur for
top illumination conditions in orthorhombic perovskites with inversion symmetry breaking
normal to the 2D layers. For optimal side illumination conditions, spectrally resolved exciton
fine structure levels may exhibit CD approaching 100%.
Several effects have been shown to reduce the degree of observable CD. The principle
limitation of the CD signal magnitude is the out-of-plane propagation of light given the
assumption that the sample is illuminated from the top surface. Refractive steering of the
light reduces the CD signal relative to optimized side illumination conditions by about an
order of magnitude. Second, while the largest CD signal occurs for a pure 2D Dresselhaus-
like angular momentum texture, a mixed 2D Rashba and 2D Dresselhaus character reduces
its magnitude. Additionally, the CD is shown to be reduced by crystal field splitting of the
bright triplet exciton levels. due to the decrease in their mixing as the triplet degeneracy is
already broken. Finally, in the case that the fine structure transitions are not individually
spectrally resolved, the observable CD is reduced by line broadening effects.
Our calculations demonstrate that even with spectral line broadening effects at the level
of tens of meV, CD should be readily observable in difference spectra which take the form
of a line-shape derivative function, familiar from magnetic CD studies. Moreover, under
optimized side illumination conditions, the CD is expected to be larger by an order of
magnitude relative to the CD observable under top illumination conditions. Our results
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demonstrate the intriguing possibility of observing circular dichroism in non-chiral perovskite
structures such layered-2D perovskites and nanoplatelets.
V. METHODS
Analysis and calculations were performed within the effective mass approximation using
custom computer code written within the Mathematica programming environment.
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